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This	  paper	  proposes	  a	  new	  technique	  for	  fabrication	  of	  vertically	  aligned	  carbon	  nanotube	  (VACNT)	  structures,	  controlled	  
in	  shape,	  height	  and	  functionality,	  through	  continuous	  successive	  growth	  of	  VACNT	  layers	  by	  chemical	  vapour	  deposition	  
(CVD)	  combined	  with	  patterning	  strategies.	  This	  was	  achieved	  by	  vacuum	  deposition	  of	  additional	  catalyst	  material	  onto	  
the	   original	   VACNT	   “forest”	   layer.	   A	   second	   forest	   layer	   is	   then	   observed	   to	   grow	   underneath	   the	   first	   by	   CVD.	   It	   is	  
proposed	   that	   the	   new	   catalyst	   material	   diffuses	   through	   the	   porous	   nanotube	   forest	   to	   coat	   the	   growth	   substrate	  
underneath.	   The	   enhanced	   height,	   coating,	   and	   vertical	   alignment	   of	   the	   nanotube	   forests	   were	   verified	   by	   electron	  
microscope	   observation.	   By	   repeating	   this	   process,	   aligned	   nanotube	   bi-­‐layers	   and	   tri-­‐layers	   were	   grown,	   producing	   a	  
“stack”	  of	  nanotube	   layers.	  By	  using	  a	   “shadow	  mask”	  patterning	   technique	   to	   screen	  areas	  of	   the	  original	   forest	   from	  
catalyst	  deposition,	  the	  growth	  can	  be	  confined	  to	  specific	  areas	  of	  the	  substrate.	  Potentially,	  these	  multilayer	  nanotube	  
structures	  would	  have	  diverse	  applications	  as	   long	  composite	  reinforcements,	  p-­‐n	   junctions	   for	  electronic	  devices,	  or	   to	  
allow	  the	  production	  of	  near	  net	  shape	  complex	  multilayer	  nanotube	  structures.	  
Introduction	  
Vertically	   aligned	   carbon	   nanotube	   clusters,	   described	   as	  
“forests”,	   are	   desirable	   for	   a	   diverse	   range	   of	   applications,	  
such	   as	   supercapacitor	   electrodes,	   sensing	   devices,	  
thermoelectric	   devices	   and	   reinforcements	   in	   composite	  
materials.1-­‐4	  Vertically-­‐aligned	  forests	  are	  particularly	  desirable	  
for	  composite	  reinforcement	  due	  to	  ideal	  parallel	  alignment	  of	  
the	   nanotube	   fibres.5	   These	   forests	   can	   be	   produced	   from	  
catalyst-­‐coated	   substrates	   using	   chemical	   vapour	   deposition	  
(CVD)	   of	   hydrocarbon	   precursors	   such	   as	   methane	   or	  
ethylene,6,7	  up	  to	  heights	  of	  several	  millimetres.8,9	  	  
In	   general,	   nanotube	   growth	   by	   CVD	   uses	   a	   thin	   film	   metal	  
catalyst	  deposited	  on	  a	  substrate	  (e.g.	  silicon)	  and	  annealed	  at	  
high	   temperatures	   (600-­‐1000	   °C)	   in	   a	   reducing	   atmosphere.	  
The	   catalyst	   used	   is	   typically	   a	   vacuum-­‐deposited	   metal	   film	  
supported	   by	   an	   aluminium	   oxide	   (Al2O3)	   sublayer.	   When	  
heated	  to	  the	  reaction	  temperature,	  the	  metal	  film	  is	  annealed	  
to	  form	  isolated	  nanoparticles.	  The	  presence	  of	  the	  Al2O3	  layer	  
prevents	   migration	   of	   the	   catalyst	   metal	   into	   the	   silicon	  
substrate,	   and	   provides	   an	   ideal	   surface	   for	   the	   nanoparticle	  
formation.	   Introduction	   of	   hydrocarbon	   gas	   to	   the	  
nanoparticle	   catalyst	   nucleates	   carbon	   at	   the	   nanoparticle	  
growth	   sites,	   forming	   carbon	   nanotubes.	   The	   tube	   stiffness	  
and	  mutual	  Van	  der	  Waals	  attraction	  between	  adjacent	  tubes	  
causes	   them	   to	   grow	   perpendicular	   to	   the	   growth	   substrate	  
and	   form	   self-­‐aligned	   forests,	   with	   strong	   parallel	   intertube	  
alignment.6	   Patterning	   of	   the	   catalyst	   layer	   using	  
microfabrication	  techniques	  e.g.	  electron	  beam	  lithography	  or	  
photolithography	   has	   previously	   been	   extensively	  
demonstrated	  to	  localize	  the	  nanotube	  growth	  at	  chosen	  sites,	  
creating	   a	   diverse	   range	   of	   nanotube	   structures	   with	   many	  
applications.10	   However,	   previously	   only	   single	   layers	   of	  
nanotubes	  have	  been	  patterned	  in	  this	  way.	  
	  CNT	   forest	   height	   is	   limited	   by	   the	   catalyst’s	   active	   lifetime,	  
with	   the	   growth	   abruptly	   ceasing	   to	   leave	   a	   dense	   vertically-­‐
aligned	   forest	   of	   nanotubes	   of	   uniform	   height	   with	   a	   level	  
upper	   surface.	   Much	   research	   aiming	   to	   enhance	   the	   forest	  
height	   has	   focused	   on	   increasing	   the	   growth	   time	   or	   rate	   by	  
careful	   control	   of	   reaction	   conditions,8	   or	   the	   use	   of	   oxygen-­‐
donating	   substances	   such	   as	   water11	   to	   remove	   amorphous	  
carbon	   from	   the	   catalyst	   substrate,	   as	   the	   buildup	   of	  
amorphous	   carbon	   is	   known	   to	   limit	   the	   catalyst	  
effectiveness.12	  	  
This	   paper	   describes	   a	   novel	   approach	   to	   enhance	   the	  
functionality	   and	   height	   of	   a	   nanotube	   forest	   by	   growing	   a	  
second	   forest	   layer	   beneath	   the	   original	   forest,	   and	  
demonstrates	   that	   the	   second-­‐layer	   growth	   can	   also	   be	  
localized	   and	   patterned	   by	   use	   of	   a	   shadow-­‐mask	   technique.	  
This	  was	  achieved	  by	  an	  additional	  catalyst	  deposition	  onto	  the	  
pre-­‐existing	   nanotube	   forest,	   followed	   by	   the	   fabrication	   of	  
the	  second	  layer	  by	  CVD	  under	  similar	  conditions	  as	  were	  used	  
to	   produce	   the	   first	   layer.	   It	   was	   expected	   initially	   that	   this	  
new	  growth	  would	  occur	  on	   top	  of	   the	  original	   forest	  due	   to	  
the	   deposited	   catalyst	   layer.	   However,	   electron	   microscope	  
observation	   showed	   the	   formation	   of	   additional	   aligned	  
nanotubes	  beneath	  the	  original	  layer.	  This	  surprising	  result	  can	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be	   explained	   in	   terms	   of	   diffusion	   of	   the	   catalyst	   material	  
during	   vacuum	  deposition,	  with	   the	  material	   passing	   through	  
the	  original	  porous	  nanotube	  forest	  to	  reach	  the	  silicon	  growth	  
substrate.	  	  
Growth	  of	  such	  multilayer	  structures	  could	  have	  a	  wide	  range	  
of	   applications,	   both	   due	   to	   the	   enhanced	   nanotube	   length,	  
localization	   of	   growth,	   and	   the	   multilayer	   nature	   of	   the	  
resulting	  forests.	  Multilayer	  nanotube	  structures	  could	  be	  used	  
as	   p-­‐n	   junctions	   in	   electronic	   devices,	   and	   patterned	   growth	  
would	  allow	  the	  fabrication	  of	  complex	  devices.	  Patterning	  the	  
nanotube	   layers	   could	   also	   be	   used	   as	   a	   route	   to	   produce	  
three-­‐dimensional	   CNT	   structures	   by	   additive	  manufacturing.	  
These	  potential	  applications	  are	  illustrated	  diagrammatically	  in	  
figure	   1	   and	   described	   in	   more	   detail	   in	   the	   Results	   &	  




Figure	   1.	   Potential	   applications	   of	  multilayer	   nanotube	   stacks.	   a)	   Schematic	   of	  
potential	  method	  of	  device	   fabrication.	  1)	  Growth	  of	  nanotube	  multilayer	  with	  
nanotube	   layers	   of	   different	   electronic	   properties	   2)	   Patterning	   of	   a	   shadow	  
mask	  to	  expose	  specific	  regions	  of	  the	  layer	  by	  lithographic	  techniques	  3)	  Etching	  
(e.g.	   by	   laser	   ablation)	   to	   remove	   nanotubes	   and	   isolate	   layered	   device	  
structures.	   b)	   Schematic	   of	   a	   potential	   additive	   layer	   manufacturing	   (ALM)	  
process	  using	   layer-­‐by-­‐layer	  nanotube	  growth.	  1)	  Deposition	  of	   initial	  nanotube	  
layer	   2)	   Deposition	   of	   patterned	   catalyst	   in	   desired	   region	   3)	   Growth	   of	   new	  
layers	  4)	  Further	  patterning	  and	  catalyst	  deposition	  to	  create	  successive	  layers	  5)	  
Nanotube	   stack	   structure	   6)	   Infusion	   of	   liquid	   resin	   into	   structure	   by	   capillary	  
flow	  7)	  Final	  composite	  structure.	  
a)	   	  
b)	   	  
Figure	   2.	   a)	   Schematic	   of	   the	   nanotube	   growth	   process	   by	   chemical	   vapour	  
deposition	   (CVD).	   b)	   Schematic	   of	   additional	   catalyst	   deposition	   and	   nanotube	  
growth.	   1)	   catalyst	   is	   deposited	   by	   electron	   beam	   evaporation	   onto	   a	   silicon	  
substrate	  2)	  The	   first	  nanotube	   forest	   layer	   is	   grown	  by	  CVD	  3)	  A	  new	  catalyst	  
layer	  is	  deposited	  4)	  An	  additional	  forest	  layer	  is	  grown	  beneath	  the	  pre-­‐existing	  
forest	  due	  to	  the	  diffusion	  of	  the	  re-­‐deposited	  catalyst	  to	  the	  silicon	  substrate.	  
Experimental	  
Catalyst	  films	  of	  iron	  with	  an	  aluminium	  oxide	  supporting	  layer	  
(2/25-­‐45	   nm	   thickness	   respectively)	  were	   deposited	   on	   clean	  
silicon	  wafers	   with	   a	   100	   nm	   silicon	   dioxide	   surface	   layer	   by	  
electron	   beam	   evaporation.	   Carbon	   nanotube	   growth	   was	  
carried	  out	  by	  CVD	  using	  a	  SabreTube	  furnace	  (Absolute	  Nano)	  
with	  external	   gas	  preheater13	   and	   suspended	   silicon	  platform	  
heater.	   14	   Following	   flushing	   of	   the	   quartz	   tube	   with	   helium	  
gas,	   substrates	   were	   annealed	   for	   2	   minutes	   in	   a	  
helium/hydrogen	   atmosphere.	   Ethylene	   was	   then	   introduced	  
as	   a	   carbon	   source	   for	   the	   growth	   of	   carbon	   nanotubes.	   The	  
external	   preheater	   in	   this	   system	   allows	   pre-­‐treatment	   of	   all	  
reactant	  gases	  at	  975-­‐1050	  °C,	  while	  the	  catalyst	  was	  annealed	  
at	  a	  substrate	  temperature	  of	  ~800	  °C.	  A	  “cap”	  consisting	  of	  a	  
single-­‐side	  polished	  silicon	  wafer	  (0.525	  mm	  thick)	  was	  placed	  
with	  the	  unpolished	  side	  down	  on	  top	  of	  the	  catalyst	  substrate	  
–	  the	  presence	  of	  the	  cap	  is	  known	  to	  moderate	  gas	  flow	  over	  
the	   substrate	   surface	   and	   results	   in	   increased	   nanotube	  
yield.15	  This	  method	  is	  discussed	  in	  more	  detail	  in	  our	  previous	  
papers.16	  A	  schematic	  of	  the	  growth	  process	  is	  shown	  in	  figure	  
2a.	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b)	   	  
c)	   	  
d)	   	  
Figure	  0.	  a)	  TEM	  image	  of	  carbon	  nanotubes.	  b)	   Image	  at	  higher	  magnification,	  
showing	   multiwall	   structure.	   c)	   Histogram	   of	   carbon	   nanotube	   diameters.	   d)	  
Raman	   spectrum	   (intensity	   normalised	   to	   D-­‐band	   peak	   at	   1300-­‐1400	   cm-­‐1)	  
recorded	  on	  as-­‐grown	  nanotube	  forest,	  showing	  G-­‐	  and	  D-­‐bands.	  
	  
a)	   	  	  
b)	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c)	  	   	  
d)	  	   	  
e)	   	  
Figure	   3.	   a)	   SEM	   image	   of	   carbon	   nanotube	   forest	   upper	   surface	   after	   re-­‐
deposition	  of	  catalyst	  and	  annealing	  (but	  no	  second	  layer	  growth).	  The	  Al2O3/Fe	  
coating	  is	  visible	  on	  the	  nanotubes	  in	  the	  unmasked	  regions	  of	  the	  sample.	  EDS	  
maps	   demonstrate	   increased	   abundance	   of	   Al	   and	  O	   in	   the	   coated	   regions.	   b)	  
SEM	   images	   at	   higher	   magnification	   showing	   carbon	   nanotubes	   in	   forest	   top	  
surface.	  Nanotubes	   in	   the	   coated	   region	   show	   increased	  diameters	   due	   to	   the	  
presence	  of	  coating.	  c)	  and	  d)	  FE-­‐SEM	  images	  of	  nanotubes	  in	  uncoated	  (c)	  and	  
coated	   (d)	   regions.	   Note	   that	   these	   images	   present	   the	   upper	   surface	   of	   the	  
aligned	  nanotube	  forests,	  which	  shows	  a	  tangled	  appearance,	  as	  opposed	  to	  the	  
strongly	  aligned	  nanotubes	  visible	  when	  imaged	  from	  the	  side	  of	  the	  forest	  (see	  
figures	   []).	   The	   nanotube	   diameter	   is	   again	   seen	   to	   increase	   in	   the	   coated	  
regions.	  e)	  Photographs	  of	  coated	  CNT	  forest,	  masked	  so	  that	  the	  central	  portion	  
of	  the	  CNTs	  was	  coated.	  Upon	  enhancement	  of	  the	  image	  brightness,	  the	  coated	  
region	  can	  be	  seen	  as	  a	  brighter	  band.	  
The	   SabreTube	   system	   allows	   full	   optical	   observation	   of	   the	  
sample	  during	  growth.	  The	  thickness	  of	  the	  CNT	  forest	  film	  can	  
be	  monitored	  during	  growth	  using	  a	  laser	  rangefinder	  system,	  
with	  the	  beam	  “spot”	  reflected	  from	  the	  silicon	  wafer	  cap	  (see	  
figure	  2a).	  	  
Following	  the	  growth	  of	  nanotubes,	  the	  samples	  were	  cleaved	  
perpendicular	   to	   the	   plane	   of	   the	   growth	   substrate,	   creating	  
identical	   control	   samples	   and	   samples	   for	   additional	   catalyst	  
coating.	  The	  samples	  for	  coating	  were	  transferred	  back	  to	  the	  
electron	   beam	   evaporator	   and	   an	   additional	   catalyst	   film	  
(Al2O3/Fe	   with	   a	   nominal	   thickness	   of	   15-­‐25/1.5	   nm	  
respectively;	  in	  reality	  the	  thickness	  may	  vary	  due	  to	  a	  masking	  
effect	   from	  diffusion	   through	   the	  nanotube	   forest)	   deposited	  
onto	  the	  nanotube	  forest.	  In	  some	  cases,	  areas	  of	  the	  samples	  
were	  masked	  during	  the	  second	  deposition	  process	  using	  glass	  
cover	  slips	  to	  cover	  areas	  of	  the	  sample.	  	  
The	  nanotube	  forest	  was	  then	  returned	  to	  the	  SabreTube	  CVD	  
system	  and	   the	  second	  nanotube	   film	  grown	  under	   the	   same	  
conditions	   as	   for	   the	   first	   film,	   including	   the	   use	   of	   a	   silicon	  
wafer	   cap.	   This	   process	   was	   repeated	   using	   the	   control	  
samples.	  A	  schematic	  of	  this	  process	  is	  shown	  in	  figure	  2b.	  For	  
tri-­‐layer	   sample	   growth,	   the	   catalyst	   deposition/CVD	   process	  
was	  repeated	  with	  the	  bi-­‐layer	  forests,	  depositing	  catalyst	  onto	  
the	  forests	  and	  repeating	  the	  CVD	  growth.	  	  
For	   SEM	   observation,	   samples	   were	   cleaved	   again	   to	   allow	  
imaging	   in	   cross-­‐section	   and	   imaged	   using	   a	   Hitachi	   S3200N	  
SEM-­‐EDS	   system	   at	   a	   20	   kV	   accelerating	   voltage.	   EDS	  
measurement	   was	   carried	   out	   using	   the	   SEM	   on	   partially-­‐
masked	   coated	   samples	   using	   the	   same	   accelerating	   voltage.	  
Higher-­‐magnification	   imaging	   was	   carried	   out	   using	   a	   field-­‐
emission	  SEM	  (FE-­‐SEM)	  system	  (FEI	  Nova	  600).	  For	  observation	  
in	   cross-­‐section,	   samples	  were	  mounted	  perpendicular	   to	   the	  
SEM	  stage.	  	  
For	   TEM	   observation,	   small	   quantities	   of	   nanotubes	   were	  
removed	   from	   the	   silicon	   substrates	   by	   hand	   using	   a	   scalpel	  
blade	   and	   dispersed	   in	   ethanol	   in	   an	   ultrasonic	   bath.	   The	  
resulting	  suspension	  was	  pipetted	  onto	  standard	  holey	  carbon	  
TEM	  grids	  and	  allowed	  to	  dry	  overnight	  in	  ambient	  conditions.	  
TEM	   imaging	   was	   carried	   out	   using	   a	   JEM-­‐2100	   LaB6	   TEM	  
system	   at	   200	   kV	   accelerating	   voltage.	   Nanotube	   diameters	  
were	  measured	  using	  ImageJ	  software	  (v1.46r).	  
Raman	  spectroscopy	  was	  carried	  out	  using	  a	  Renishaw	  Raman	  
microscope	   with	   a	   laser	   wavelength	   of	   532	   nm,	   at	   1%	   of	  
maximum	   power	   to	   avoid	   oxidation	   of	   the	   nanotubes.	   Each	  
spectrum	  was	  an	  average	  of	  5	  scans	  of	  10s	  duration	  each.	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Figure	  4.	  a)	  SEM	  image	  showing	  side	  view	  of	  sample	  with	  an	  additional	  catalyst	  
layer	   post-­‐growth,	   after	   cleaving	   the	   sample	   to	   allow	   imaging	   in	   cross-­‐section.	  
The	   nanotube	   bilayer	   is	   visible.	   b)	   Image	   of	   interlayer	   boundary,	   showing	  
nanotube	   alignment.	   c)	   Control	   sample	   with	   no	   addition	   catalyst	   layer,	   which	  
does	  not	  demonstrate	  the	  bilayer	  structure.	  
Results	  &	  Discussion	  
TEM	   imaging	   was	   carried	   out	   to	   examine	   the	   structure	   of	  
individual	  nanotubes.	  Examples	  of	  TEM	  images	  of	  the	  as-­‐grown	  
uncoated	   nanotubes	   are	   shown	   in	   figure	   0a	   and	   b;	  
measurement	  of	  nanotube	  diameters	  showed	  them	  to	  have	  a	  
mean	  diameter	  of	  7.8	  nm,	  with	  a	  standard	  deviation	  of	  1.2	  nm.	  
A	   histogram	   of	   measured	   nanotube	   diameters	   is	   shown	   in	  
figure	   0c.	   Imaging	   at	   increased	   magnification	   showed	   the	  
nanotubes	  to	  have	  a	  multiwall	  structure,	  as	  shown	  in	  figure	  0b.	  
Raman	   spectroscopy	   measurements	   on	   the	   as-­‐grown	  
nanotube	   forests	   showed	   clear	   peaks	   in	   the	   range	   of	   1300-­‐
1400	  and	  ~1600	  cm-­‐1,	  known	  as	  G-­‐	  and	  D-­‐bands.	  The	  G-­‐band	  is	  
associated	   with	   the	   sp2-­‐bonded	   carbon	   found	   in	   nanotubes,	  
while	   the	   D-­‐band	   is	   known	   to	   arise	   from	   the	   presence	   of	  
amorphous	  carbon	  formed	  as	  an	  undesired	  by-­‐product	  of	   the	  
CVD	   process,	   and	   also	   from	   defects	   in	   the	   nanotubes.	  
Therefore,	  the	  ratio	  of	  intensities	  (Ig/Id)	  of	  the	  G-­‐	  and	  D-­‐peaks	  
is	  commonly	  used	  as	  an	  indication	  of	  nanotube	  quality.	  For	  the	  
measured	  nanotube	   forests,	   Ig/Id	  =	  1.2	  +/-­‐	  0.1,	  a	  similar	  value	  
to	  that	  seen	  in	  the	  study	  by	  Meshot	  et	  al	  for	  aligned	  nanotubes	  
produced	   under	   similar	   CVD	   conditions.8	   This	   indicates	   the	  
presence	   of	   some	   defects	   and/or	   amorphous	   carbon	   in	   the	  
nanotube	   forests;	   however,	   this	   could	   be	   overcome	   by	  
refinement	   of	   the	   CVD	   reaction	   conditions	   (as	   also	  
demonstrated	  in	  the	  study	  by	  Meshot	  et	  al).	  	  
Figure	   3a	   shows	   SEM	   images	   and	   distribution	   of	   elements	  
detected	  by	  EDS	  on	  the	  upper	  surfaces	  of	  the	  nanotube	  forests	  
following	  the	  second	  catalyst	  deposition	  process	  and	  2	  minute	  
annealing	   in	   He/H2.	   The	   alignment	   of	   the	   nanotubes	   is	   not	  
clearly	   visible	   when	   viewed	   from	   the	   upper	   surface	   of	   the	  
forest,	  due	  to	  the	  presence	  of	  a	  thin	  tangled	  layer	  at	  the	  forest	  
top	   as	   commonly	   observed	   in	   vertically-­‐aligned	   forests	   of	  
nanotubes	   fabricated	   by	   CVD.	   A	   strong	   contrast	   between	  
coated	   regions	   and	   those	   left	   uncoated	   due	   to	   masking	   was	  
observed.	   The	   boundary	   between	   these	   regions	   is	   clearly	  
visible	  by	  SEM,	  as	  seen	  in	  figure	  3a.	  Imaging	  using	  SEM	  and	  FE-­‐
SEM	   showed	   increased	   diameter	   of	   the	   nanotubes	   in	   the	  
coated	  regions	  compared	  to	   those	   in	   the	  uncoated	  areas	  due	  
to	  the	  presence	  of	  the	  Al2O3/Fe	  coating,	  as	  shown	  in	  figure	  3b-­‐
d.	   Energy-­‐dispersive	   X-­‐ray	   spectroscopy	   (EDS)	   mapping	  
showed	   an	   increase	   in	   Al	   and	   O	   abundance	   in	   the	   coated	  
region,	  as	  shown	  in	  figure	  3a;	  the	  abundance	  of	  Fe	  may	  be	  too	  
small	   to	  detect	  by	  EDS	  due	   to	   the	  extremely	   low	  thickness	  of	  
the	   deposited	   Fe	   layer.	   These	   images	   and	   measurements	  
confirmed	  the	  successful	  coating	  of	  the	  nanotubes.	  There	  was	  
also	  a	  difference	   in	  colour	  between	   the	  coated	  and	  uncoated	  
nanotubes	   visible	   using	   the	   unaided	   eye	   as	   shown	   in	   the	  
photographs	  with	  enhanced	  brightness	  in	  figure	  3e.	  	  
The	  coated	  samples	  were	  measured	  to	  increase	  in	  thickness	  by	  
0.1-­‐0.4	   mm	   during	   the	   second	   CVD	   growth	   phase	   using	   the	  
laser	   rangefinder	   system	   (see	   figure	   2a).	   Observation	   by	  
scanning	   electron	   microscope	   (SEM)	   of	   samples	   which	   were	  
cleaved	   for	   imaging	   in	   cross-­‐section	   showed	   the	   presence	   of	  
the	  additional	  forest	  layer,	  and	  also	  allowed	  the	  observation	  of	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parallel	   filaments	   in	   the	   side	   walls	   of	   the	   forests,	   indicating	  
that	   all	   the	   forest	   layers	   consist	   of	   vertically	   aligned	  
nanotubes.	   These	   images	   are	   shown	   in	   figure	   4a.	   The	  
boundary	   between	   forest	   layers	   is	   clearly	   visible	   by	   SEM,	   as	  
shown	   in	   figure	   4b.	   The	   control	   samples	   displayed	   no	   new	  
nanotube	   growth	   after	   identical	   CVD	   growth	   processes;	   an	  
example	   is	   shown	   in	   figure	   4c.	   This	   illustrates	   that	   the	   new	  
growth	   is	   attributable	   to	   the	   re-­‐deposition	   of	   the	   Fe/Al2O3	  
catalyst.	  	  
Samples	   with	   masked	   areas	   showed	   growth	   of	   additional	  
nanotubes	   within	   the	   unmasked	   regions	   (as	   shown	   in	   figure	  
5a),	  while	   no	   additional	   growth	  was	   observed	   in	   the	  masked	  
regions	   away	   from	   the	  masked/unmasked	   region	   boundaries	  
(as	   shown	   in	   figure	   5b).	   This	   result	   demonstrates	   that	   the	  
deposition	   of	   the	   second	   and	   subsequent	   layers	   can	   be	  
patterned	   using	   a	   shadow	   mask	   to	   localise	   the	   catalyst	   and	  
nanotube	  growth	  at	  specific	  sites	  on	  the	  substrate.	  Growth	  of	  
single-­‐layered	   patterned	   nanotube	   forests	   has	   been	   widely	  
demonstrated;8	   this	   result	   shows	   that	   patterning	   techniques	  
can	  also	  be	  applied	  to	  multilayer	  growth,	  which	  could	  open	  up	  
a	   wide	   range	   of	   potential	   applications	   (see	   below;	   see	   also	  
figure	  1).	  	  
At	   the	   boundary	   between	   masked	   and	   unmasked	   regions,	   a	  
region	   in	   which	   the	   second	   layer	   increased	   smoothly	   in	  
thickness	  was	  observed,	   from	  zero	  thickness	   (no	  second	   layer	  
growth)	  in	  the	  masked	  region	  to	  0.2-­‐0.3	  mm	  in	  the	  unmasked	  
region.	   Nanotube	   growth	   close	   to	   the	   boundaries	   between	  
masked	   and	   unmasked	   areas	   is	   shown	   in	   figure	   5c.	   As	  
discussed	   in	   more	   detail	   below,	   the	   formation	   of	   new	  
nanotube	   layers	   is	   due	   to	   diffusion	   of	   Al2O3/Fe	   catalyst	  
through	   the	   original	   forest	   layer	   to	   reach	   the	   substrate,	  
allowing	   the	   initiation	   of	   additional	   nanotube	   growth.	   This	  
variation	   in	   height	  may	   be	   due	   to	   diffusion	   of	   the	   catalyst	   a	  
short	   distance	   into	   the	   unmasked	   areas	   through	   the	   inter-­‐
nanotube	   gaps	   in	   the	   nanotube	   forest,	   creating	   an	   area	   of	  
sparser	  catalyst	  density	  extending	   into	  the	  unmasked	  regions,	  
and	   so	   causing	   reduced	   nanotube	   growth	   in	   this	   region.	   This	  
effect	  is	  illustrated	  diagrammatically	  in	  figure	  5d.	  
EDS	   measurements	   were	   also	   carried	   out	   on	   cross-­‐sectional	  
views	   of	   the	   nanotube	   forest.	   These	   measurements	   showed	  
that	  aluminium	  was	  more	  abundant	  in	  the	  top	  layer	  of	  the	  CNT	  
forest	   bilayer	   in	   the	   coated	   area,	   and	   furthermore	   increased	  
abundance	  was	   seen	   towards	   the	   top	  of	   the	  CNT	   forest.	   This	  
further	  supports	  diffusion	  of	  the	  Al2O3	  catalyst	   into	  the	  forest	  
during	  the	  second	  catalyst	  deposition,	  as	  the	  diffusion	  process	  
would	   result	   in	   a	   decreasing	   concentration	   of	   Al2O3	   further	  
from	  the	  forest	  top.	   In	  the	  uncoated	  areas,	  the	  concentration	  
of	   aluminium	   observed	   is	   lower,	   and	   close	   to	   the	   detection	  
threshold	  of	  the	  EDS	  system	  (~0.1%).	  Abundance	  of	  aluminium	  
in	  these	  different	  regions	  is	  shown	  in	  figure	  5e	  and	  5f.	  	  
a)	   	  
b)	   	  
c)	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Figure	   5.	   Cross-­‐sectional	   SEM	   images	   showing	   restriction	   of	   nanotube	   growth	  
away	  from	  coated	  regions	  of	  the	  substrate	  on	  a	  sample.	  a)	  In	  coated	  regions,	  two	  
layers	   are	   visible.	   b)	   In	   masked,	   uncoated	   areas	   away	   from	   the	  
masked/unmasked	  boundary,	  only	  one	  layer	  of	  nanotubes	  is	  visible.	  c)	  Tail-­‐off	  of	  
CNT	  height	  close	  to	  boundary	  in	  masked	  region.	  d)	  Schematic	  representation	  of	  
diffusion	  into	  boundary	  of	  unmasked	  region,	  and	  resulting	  nanotube	  growth.	  e)	  
EDS	   mapping	   images	   showing	   abundance	   of	   aluminium	   from	   Al2O3	   coating	   in	  
upper	  and	  lower	  layers	  in	  coated	  region.	  f)	  Distribution	  of	  aluminium	  in	  masked	  
region,	  showing	  comparatively	  lower	  abundance.	  	  	  
	  
The	   patterning	   of	   the	   nanotube	   growth	   in	   the	   second	   layer	  
illustrates	  that	  the	  additional	  growth	  is	  not	  due	  to	  catalyst	  re-­‐
activation,	   where	   the	   annealing	   process	   and	   introduction	   of	  
additional	  carbonaceous	  gas	  causes	  the	  original	  catalyst	  film	  to	  
produce	  additional	  CNT	  growth.	  Such	  catalyst	  re-­‐use	  has	  been	  
reported	  after	  mechanical	  removal	  of	  nanotubes	  from	  growth	  
substrates,20	   where	   it	   was	   reported	   that	   nanotube	   yield	  
decreases	   with	   each	   re-­‐use	   of	   the	   catalyst.	   However,	   in	   the	  
case	   of	   the	   patterned	   samples	   nanotube	   growth	   is	   not	  
observed	  within	  the	  masked	  regions	  away	  from	  the	  boundaries	  
of	   the	  unmasked	  regions,	   indicating	   that	   the	  catalyst	   in	   these	  
areas	   did	   not	   re-­‐activate	   and	   the	   growth	   of	   additional	   CNT	  
layers	   is	   due	   to	   the	   re-­‐deposition	   of	   catalyst	   rather	   than	   to	  
catalyst	  re-­‐activation.	  
Imaging	   of	   the	   samples	   which	   had	   undergone	   three	   catalyst	  
deposition/CVD	  stages	  showed	  the	  presence	  of	  three	  separate	  
layers	  of	  nanotubes,	  as	  shown	  in	  Figure	  6a.	  During	  growth,	  the	  
thickness	   of	   each	   layer	   was	   measured	   using	   the	   laser	  
rangefinder	   system.	   This	   allows	   the	   layer	   associated	   with	   a	  
given	  growth	  stage	  to	  be	  identified.	  For	  example,	  in	  the	  sample	  
shown	  in	  figure	  6,	  the	  layers	  were	  measured	  at	  three	  different	  
thicknesses	   when	   grown.	   The	   thickest	   layer	   was	   grown	   last,	  
and	   when	   imaged	   by	   SEM	   was	   observed	   to	   have	   formed	  
underneath	   the	   previous,	   thinner	   layers.	   This	   illustrates,	  
together	   with	   the	   results	   from	   samples	   with	   masked	   and	  
unmasked	   regions,	   that	   the	   nanotube	   growth	   occurs	   from	  
beneath	   the	   original	   forest,	   displacing	   the	   original	   forest	  
upwards.	  	  
The	  growth	  of	  new	  nanotube	  layers	  beneath	  the	  original	  layer	  
can	  be	  explained	  as	  follows.	  Nanotube	  growth	  occurs	  due	  the	  
formation	   of	   iron	   nanoparticles	   during	   the	   annealing	   of	   the	  
Al2O3/Fe	   catalyst	   layers.	   Upon	   introduction	   of	   hydrocarbon	  
precursor	   gas,	   each	   nanoparticle	   nucleates	   carbon	  
decomposed	  from	  the	  precursor	  gas,	  acting	  as	  a	  “seed”	  for	  the	  
growth	   of	   a	   carbon	   nanotube.	   The	   nanotube	   forests	   which	  
demonstrated	   additional	   growth	  were	   subjected	   to	   a	   second	  
vacuum	   deposition	   of	   Al2O3/Fe	   catalyst	   after	   growth	   of	   the	  
original	   nanotube	   layer.	   Carbon	   nanotubes	   are	   known	   to	  
occupy	  only	  1-­‐2%	  of	  the	  volume	  of	  nanotube	  forests	  produced	  
by	  CVD;	  the	  remainder	  is	  empty	  space.18,19	  Most	  of	  the	  surface	  
of	  the	  growth	  substrate	  beneath	  the	  original	  forest	   layer	  thus	  
remains	   unoccupied	   by	   the	   nanotubes.	   It	   is	   likely,	   therefore,	  
that	  during	  the	  vacuum	  deposition	  process	  additional	  catalyst	  
material	  is	  able	  to	  diffuse	  through	  the	  forest	  layer(s)	  and	  coat	  
the	  substrate	  even	  through	  the	  original	  nanotube	  forest.	  Upon	  
re-­‐annealing	  of	  the	  catalyst,	  this	  new	  catalyst	  layer	  forms	  new	  
nanoparticle	  seeds,	  which	  re-­‐initiate	  the	  growth	  of	  nanotubes	  
upon	   introduction	   of	   carbonaceous	   gas	   and	   lead	   to	   the	  
creation	  of	  new	  nanotubes,.	  The	  growth	  of	  this	  layer	  displaces	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the	   original	   nanotube	   layer	   upwards	   forming	   a	   new	   aligned	  
layer	  below	  the	  original	  forest.	  	  
a)	   	  
b)	   	  
Figure	  6.	  a)	  Growth	  of	  a	  sample	  with	  three	  layers.	  Measurement	  of	  the	  different	  
layer	   thicknesses	   during	   growth	   shows	   that	   the	   thickest,	   bottom	   layer	   is	  
deposited	  last,	  indicating	  that	  the	  growth	  occurs	  from	  the	  substrate	  beneath	  the	  
original	   forests.	   b)	   Carbon	   nanotubes	   in	   successive	   layers	   imaged	   at	   high	  
magnification.	  The	  nanotubes	  become	  increasingly	  tangled	  in	  successively	  lower	  
layers.	  
Imaging	   at	   higher	   magnification	   showed	   different	  
morphologies	   in	   the	   individual	   nanotubes,	   with	   lower	   layers	  
appearing	   more	   “tangled”	   and	   disordered,	   with	   increased	  
waviness	  of	  the	  nanotubes	  (see	  figure	  6b).	  This	  can	  potentially	  
be	   attributed	   to	   a	   masking	   effect	   by	   the	   nanotube	   forest,	  
which	   reduces	   the	   amount	   of	   catalyst	   which	   diffuses	   to	   the	  
substrate	   and	   so	   decreases	   the	   surface	   density	   of	   catalyst	  
nanoparticles.	  This	  results	  in	  a	  reduced	  density	  of	  nanotubes	  in	  
the	   forest,	   allowing	   greater	   space	   for	   nanotube	   growth	   away	  
from	  the	  forests’	  vertical	  axis	  and	  producing	  a	  more	  disordered	  
forest.	  	  
It	  was	  also	   considered	  whether	   the	   increased	  disorder	  of	   the	  
nanotubes	   was	   due	   to	   the	   weight	   of	   the	   pre-­‐existing	   layers	  
above	  the	  new	  layer,	  which	  could	  cause	  buckling	  and	  tangling	  
of	   the	  nanotubes	  below.	  However,	   the	   growing	  nanotubes	   in	  
the	   first	   and	   subsequent	   layers	   are	   able	   to	   push	   against	   the	  
weight	  of	   the	  of	   silicon	  “cap”,	  which	   is	  used	   to	  moderate	  gas	  
flow	  during	  CVD,	  without	  buckling	  or	  loss	  of	  parallel	  alignment.	  
Previous	   studies	   have	   shown	   that	   CVD	   grown	   nanotubes	   are	  
each	   able	   to	   exert	   approximately	   0.16	   nN	   of	   force	   during	  
growth,	  at	   least	  104	   times	   the	  nanotube’s	  own	  weight;	  acting	  
together,	  the	  combined	  force	  from	  the	  nanotubes	  in	  the	  forest	  
are	  easily	  able	  to	  displace	  the	  silicon	  cap.17	  Since	  the	  density	  of	  
the	   cap	   is	   much	   greater	   than	   that	   of	   the	   highly	   porous	  
nanotube	  forest,	  its	  weight	  is	  much	  larger	  and	  each	  new	  forest	  
layer	  does	  not	  add	   significantly	   to	   the	  weight	  above	   the	  next	  
layer.	   For	   this	   reason,	   the	   increased	   tangling	   observed	   in	   the	  
lower	   layers	   is	   unlikely	   to	   be	   due	   to	   the	   weight	   of	   the	  
nanotube	  layers	  above	  each	  new	  layer.	  
Previous	   studies	   in	   successive	   growth	   of	   VACNT	   layers	  
concentrated	   on	   the	   re-­‐activation	   of	   the	   catalyst	   by	   etching	  
methods	   that	   remove	   the	   amorphous	   carbon	   “cap”	   that	  
inhibits	   the	   nanotube	   growth.21,22	   However	   this	   method	   has	  
principally	   been	   used	   to	   produce	   only	   short	   CNT	   growth,	   for	  
example	   to	   interrupt	   and	   restart	   nanotube	   growth	   to	   allow	  
measurement	  of	  the	  growth	  rate	  at	  different	  stages	  during	  the	  
CVD	  growth.22	  Other	   studies	  have	   shown	   that	  nanotubes	   can	  
be	   used	   as	   growth	   scaffolds	   for	   further	   nanostructures,	   for	  
example	  for	  the	  growth	  of	  ZnO	  nanowires.newref1	  
The	   growth	   of	   multilayer	   aligned	   nanotube	   forests	  
demonstrated	   here	   potentially	   allows	   for	   a	   large	   range	   of	  
applications.	   Adaptation	   of	   this	   method	   could	   allow	   for	   the	  
layer-­‐by-­‐layer	  fabrication	  of	  complex	  nanotube	  structures.	  The	  
electronic	   properties	   of	   nanotubes	   vary	   depending	   on	   their	  
composition,	  doping	  and	  structure.	  For	  example,	  adventitious	  
oxygen-­‐doping	  causes	  single-­‐walled	  nanotubes	  to	  behave	  as	  p-­‐
type	  semiconductors	   in	  air;23	  they	  can	  be	  converted	  to	  n-­‐type	  
by	   surface	  modification	  with	   organic	  monolayers,24	   or	   doped	  
by	   addition	   of	   other	   elements	   during	   the	   CVD	   process,	   in	   a	  
similar	   manner	   to	   silicon	   doping	   for	   semiconductor	  
applications.25	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In	   addition,	   the	   properties	   of	   nanotube	   forests,	   such	   as	   the	  
diameter	  of	  nanotubes	  and	  whether	  the	  nanotubes	  are	  single-­‐
walled	  or	  multi-­‐walled,	   is	   known	   to	  depend	  on	  both	   the	  CVD	  
growth	  conditions	  and	  the	  catalyst	  composition.	  Therefore	  by	  
deposition	   of	   different	   catalysts,	   it	   is	   possible	   that	   this	  
technique	   could	   be	   used	   to	   deposit	   nanotube	   layers	   with	  
different	  properties	  in	  each	  layer.26,27	  
There	  has	  been	  significant	  past	  research	  in	  the	  fabrication	  of	  p-­‐
n	   and	   transistor	   junctions	   between	   nanotubes	   of	   different	  
electronic	  characteristics28,29	  or	  between	  nanotubes	  and	  other	  
materials.30-­‐32	   By	   varying	   the	   properties	   of	   nanotubes	   in	  
individual	   layers,	   layer-­‐by-­‐layer	   fabrication	   of	   CNT	   forests	   by	  
CVD	  would	   allow	   intertube	   junction	   fabrication	   to	   be	   carried	  
out	  on	  a	  wafer	  scale,	  and	  so	  would	  be	  scalable	  to	  current	  mass	  
production	  methods	  for	  electronic	  chips.newrefs2	  This	  would	  also	  
have	   the	   advantage	   of	   not	   requiring	   addition	   nanotube	   film	  
transfer	   steps.	   Nanotube	   forests	   can	   be	   patterned	   and	  
selectively	   etched	   post-­‐production	   by	   laser	   ablation	   using	  
lithographically	   patterned	   masks,33	   or,	   more	   commonly,	  
patterned	  by	  localisation	  of	  the	  catalyst	  at	  specific	  sites	  on	  the	  
substrate	   using	   lithography	   methods.7	   In	   this	   study	   we	   have	  
shown	   that	   patterning	   techniques	   using	   shadow	   masks	   can	  
also	   be	   used	   to	   localise	   the	   second	   (and	   probably	   also	  
subsequent)	   layers	   at	   desired	   sites	   (see	   figure	   5).	   This	  would	  
potentially	   allow	   nanotube-­‐based	   circuits	   or	   other	   devices	  
(such	  as	  thermoelectric	  junctions)	  to	  be	  fabricated	  in	  the	  same	  
manner	  as	  current	  silicon	  chips.	  p-­‐n	   junctions	  represent	  a	  key	  
element	   in	   the	   manufacturing	   process	   of	   semiconductor	  
devices,	   solar	   cells	   and	   LEDs,	   therefore	   these	   developments	  
could	   impact	   on	   these	   industries.	   A	   proposed	   route	   for	   this	  
process	  is	  illustrated	  in	  figure	  1a.	  	  
Functionalization	   of	   nanotube	   forests	   has	   also	   been	   used	   for	  
other	  applications.	  For	  example,	   fluorination	  of	   the	  nanotube	  
sidewall	   can	   be	   used	   to	   provide	   a	   basis	   for	   attachment	   of	  
further	   functional	   groups,	   e.g.	   specific	   biomolecules	   for	  
biosensing	   applications.34	   Another	   approach	   is	   to	   attach	  
functional	   groups	   such	   as	   carboxylic	   acid	   groups	   to	   the	  
nanotube	   ends	   as	   anchoring	   sites	   for	   other	  molecules.35	   The	  
growth	   of	   a	   layer-­‐by-­‐layer	   forest	   structure	   would	   potentially	  
allow	  for	  each	  layer	  to	  be	  functionalised	  differently,	  increasing	  
the	   versatility	   of	   functionalised	   nanotubes	   for	   novel	  
applications.	   A	   limitation	   of	   this	   method	   is	   that	  
functionalization	   in	   one	   layer	   would	   need	   to	   be	   preserved	  
during	  the	  high	  temperatures	  required	   for	  CVD	  of	   the	  second	  
layer;	   however	   CVD	   production	   of	   carbon	   nanotubes	   has	  
recently	  been	  demonstrated	  at	   lower	   temperatures	   (~400	   °C)	  
and	  so	  this	  limitation	  may	  be	  avoided	  by	  this	  technique.36	  The	  
high	  stability	  of	  fluorine-­‐carbon	  bonds	  also	  means	  this	  type	  of	  
functionalization	   should	   survive	   CVD	   of	   additional	   layers,	  
allowing	  selective	  addition	  of	  other	  functional	  groups	  onto	  the	  
fluorinated	  layers	  post-­‐CVD.	  
In	   addition,	   there	   is	   the	   potential	   for	   enhancement	   of	  
nanotube	  forest	  height.	  Repeating	  the	  catalyst	  deposition	  and	  
CVD	  processes	  would	  allow	  the	  growth	  of	  multi-­‐	  layers	  of	  CNTs	  
up	   to	   arbitrary	   forest	   heights	   and	   in	   well-­‐defined	   forms	   to	  
fabricate	  specific	  structures.	  Due	  to	  their	  high	  aspect	  ratio	  and	  
the	   high	   tensile	   strength	   of	   nanotubes,	   these	   stacked	   CNTs	  
would	  be	   ideal	   for	   reinforcement	  of	  composite	  materials3,5	  or	  
for	  cold	  spinning	  of	  CNT	  fibres.37	  
A	   further	   potential	   application	   would	   be	   the	   construction	   of	  
three-­‐dimensional	   structures	   in	   an	   additive	  manufacturing	   or	  
3D-­‐printing	   method	   by	   patterning	   successive	   stacked	  
nanotube	   layers.	   This	  would	  allow	   the	   fabrication	  of	   complex	  
three-­‐dimensional	  structures	  composed	  of	  nanotubes.	  Infusion	  
of	  polymer	   resin	   into	   the	  nanotubes	  by	   capillary	  action	   could	  
then	  be	  applied	  to	  fabricate	  a	  near	  net	  shape	  aligned	  nanotube	  
composite	   structure.	   This	   proposed	   application	   is	   shown	  
schematically	  in	  figure	  1b.	  
Conclusions	  
We	   have	   been	   able	   to	   enhance	   the	   height	   of	   a	   pre-­‐existing	  
CVD-­‐grown	  carbon	  nanotube	  forest,	  and	  develop	  multilayered	  
patterned	  CNT	  forest	  structures,	  by	  deposition	  of	  an	  additional	  
Al2O3/Fe	   catalyst,	   allowing	   the	   growth	   of	   an	   additional	  
nanotube	   forest	   beneath	   the	   original	   nanotube	   layer.	  
Observation	   by	   electron	  microscope	   verified	   the	   presence	   of	  
the	   additional	   layer	   as	   well	   as	   the	   parallel	   alignment	   of	   the	  
carbon	  nanotubes.	  This	  process	  was	  shown	  to	  be	  also	  able	  to	  
produce	   tri-­‐layer	   samples,	   and	   in	   theory	   could	   be	   applied	   to	  
produce	  nanotube	  “stacks”	  with	  an	  arbitrary	  number	  of	  layers.	  
In	   addition,	   we	   were	   able	   to	   localize	   the	   growth	   at	   selected	  
sites	  by	  masking	  the	  surface	  of	  the	  nanotube	  forest	  during	  the	  
second	  catalyst	  deposition	  stage.	  
We	  conclude	  that	  this	  extra	  growth	  arises	  from	  diffusion	  of	  the	  
Fe	   catalyst	   through	   the	   pre-­‐existing	   nanotube	   forest	   layer	   to	  
the	   substrate	   during	   the	   deposition	   of	   the	   layer	   by	   electron	  
beam	  evaporation,	  where	  it	  is	  able	  to	  form	  a	  new	  catalyst	  layer	  
and	  initiate	  the	  growth	  of	  a	  new	  nanotube	  layer	  during	  CVD.	  	  
The	   resulting	   stacked	   forests	   would	   have	   numerous	  
applications.	  This	  layer-­‐by-­‐layer	  fabrication	  technique	  is	  similar	  
to	   the	   deposition	   processes	   used	   in	   the	   fabrication	   of	  
integrated	   circuits	   and	   could	   potentially	   allow	   for	   fabrication	  
of	   nanotube-­‐based	   electronic	   devices	   on	   a	   wafer	   scale.	   In	  
addition,	   the	   enhancement	   of	   the	   aligned	   nanotube	   forest	  
height	  would	   allow	   for	   increased	   reinforcement	   effectiveness	  
in	   polymer	   composites	   and	   nanotube	   fibres.	   Layer-­‐by-­‐layer	  
patterning	   of	   the	   forest	   layers	   would	   also	   allow	   the	   additive	  
manufacture	   of	   large-­‐scale	   aligned	   nanotube	   structures,	  
creating	   a	   new	   method	   for	   the	   fabrication	   of	   three	  
dimensional	  nanotube	  architectures.	  	  
The	  CVD	  process	  is	  highly	  scalable	  and	  adaptable	  to	  production	  
on	   an	   industrial	   scale,	  with	   the	   capacity	   for	   complex	   process	  
control	   (eg	   using	   the	   in	   situ	   optical	   film	   thickness	  monitoring	  
used	   in	   this	   and	   other	   studies8,15).	   There	   is	   also	   potential	   for	  
combination	  with	   other	  methods	   of	   catalyst	   deposition,	   such	  
as	   inkjet	   printing,	   which	   has	   been	   shown	   to	   be	   suitable	   for	  
deposition	  of	  nanoparticle	  catalysts	  for	  the	  production	  of	  high	  
quality	  aligned	  nanotube	  forests.16	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